Mainland populations of Arctic reindeer and caribou Rangifer tarandus often undergo extensive movements, whereas populations on islands tend to be isolated and sedentary. To characterize the genetic consequences of this difference, levels of genetic diversity and subdivision of Svalbard reindeer ( R. t. platyrhynchus ) from two adjacent areas on Nordenskjiöldland, Spitsbergen were estimated using data from up to 14 microsatellites. The mean number of alleles per locus in Svalbard reindeer was 2.4 and mean expected heterozygosity per locus was 0.36. The latter value was significantly lower than in Canadian caribou and Norwegian reindeer but higher than in some other cervid species. Large samples of females ( n = 743) and small samples of males ( n = 38) from two sites ≈ ≈ ≈ ≈ 45 km apart showed genetic subdivision, which could be due to local population fluctuations or limited gene flow. To our knowledge, this is the first study to report significant differentiation at microsatellite loci in Rangifer at such short geographical distances. Neither population showed genetic evidence for recent population bottlenecks when loci unbiased with respect to heterozygosity were analysed. In contrast, false signals of a recent bottleneck were detected when loci upwardly biased with respect to heterozygosity were analysed. Thus, Svalbard reindeer appeared to conform to the paradigm of island populations made genetically depauperate by genetic drift.
Introduction
Large differences in space use and dispersal patterns exist in many animal species (Hanski & Gilpin 1997) . Nonetheless, the influence of such differences on population genetic structure is often poorly known.
Caribou and reindeer, Rangifer tarandus , which occur throughout the northern Holarctic region, exist as several subspecies distributed in many herded or wild populations (Banfield 1961) . Mainland caribou can undertake annual movements of thousands of kilometres between summer and winter feeding grounds (Brown et al . 1986; Bergman et al . 2000) or extensive seasonal movements in response to local changes in habitat (Bergerud & Page 1987; Edmonds 1988) . Such movements appear to minimize the effects of genetic drift (Røed 1998) . Native caribou and introduced reindeer in Alaska contain high levels of polymorphism in the mitochondrial DNA (mtDNA) control region, the DQA locus of the major histocompatibility complex (MHC) and the κ -casein locus (Cronin et al . 1995) . Although not always based on comparisons between homologous loci, caribou from British Columbia, Canada (Wilson et al . 1997 ) and reindeer from central Norway (Røed 1998; Røed & Midthjell 1998) have higher levels of microsatellite polymorphism than populations of six other ungulates: bison (Wilson & Strobeck 1999) , moose (Røed 1998; Broders et al . 1999) , red, roe and fallow deer (Røed 1998; Røed & Midthjell 1998; Poetsch et al . 2001 ) and wapiti (Polziehn et al . 2000) .
The extensive range use of mainland caribou and reindeer contrasts with the sedentary habits of isolated populations on islands (Tyler & Øritsland 1989; Bergman et al . 2000) . Owing to genetic drift, small and isolated populations are expected to lose genetic polymorphism, and they tend to contain lower levels of polymorphism than mainland populations (Frankham 1997) . Because such loss can lead to inbreeding depression and decreased adaptive potential (Van Treuren et al . 1993; Keller et al . 1994; Amos & Harwood 1998; Galbusera et al . 2000) , such populations could be most affected by stochastic events that cause population bottlenecks. Alternatively, isolated populations can nonetheless contain high levels of genetic polymorphism (Pemberton et al . 1996) and in such cases drift can be opposed by balancing selection (Paterson et al . 1998) or selection against inbred individuals (Coltman et al . 1999) .
The most isolated subspecies of reindeer, R. t. platyrhynchus , occurs on the Svalbard archipelago, and is mainly distributed on the largest island of Spitsbergen. Although Svalbard reindeer have a phenotype typical of high Arctic Rangifer , they could, according to characteristic human artefacts attached to reindeer (Lønø 1959 ) and a phylogeographical analysis of the control region of mitochondrial DNA (mt DNA) (Gravlund et al . 1998) , have originated from large-bodied Eurasian reindeer. Reindeer occurred on Svalbard at least 5000 years ago, according to pellets found in peat cores (Van der Knaap 1986), but were reduced substantially by over-hunting in the late 19th and early 20th centuries (Tyler 1987) . By 1925, they had almost disappeared (Tyler 1987) . Population size subsequently increased and is ≈ 8500 on Svalbard (Hindrum et al . 1995) .
Data on the genetic composition of island populations of caribou and reindeer are conflicting. Levels of allozyme polymorphism in Svalbard reindeer are similar to those in Norwegian reindeer (Røed 1985) . In contrast, two typically highly polymorphic protein-coding loci, transferrin (Storset et al . 1978; Soldal & Staaland 1980; Røed 1985) and the second exon of MHC − DRB (Mikko et al . 1999) , are much less polymorphic in Svalbard reindeer than in Norwegian reindeer. In addition, levels of nucleotide diversity in the mtDNA control region are 5-to 14-fold lower in Svalbard reindeer than in caribou from Alaska and islands of the Canadian Arctic and reindeer from Norway and the Taimyr peninsula (Gravlund et al . 1998) .
Although these studies show that levels of some types of genetic diversity are reduced in Svalbard reindeer, whether genome-wide diversity is reduced is unclear. Moreover, the contribution to reduced genetic diversity of historical population bottlenecks that could have accompanied the colonization of Svalbard, or recent bottlenecks that could have accompanied the population declines owing to overhunting, is unknown.
Another factor that promotes genetic drift is reduced gene flow. Female Svalbard reindeer often remain within small areas for periods of several weeks during summer and winter, travelling < 0.7 km each day, and some females are philopatric over periods of several years (Tyler & Øritsland 1989) . Although such behaviour implies that female-mediated gene flow in Svalbard reindeer could be limited, whether this is sufficient to create genetic subdivision is unknown. Only one polymorphic locus ( Mpi-2 ) studied in Svalbard reindeer showed a deficit of heterozygotes consistent with spatial genetic subdivision (Røed 1985) .
An investigation based on several neutral loci could resolve these ambiguities. Using microsatellites, we tested the hypotheses that genetic drift reduced genetic polymorphism in Svalbard reindeer compared with mainland populations, and that limited female-mediated gene flow created genetic subdivision in two adjacent populations in Nordenskjiöldland. In addition, we hypothesized that genetic diversity in Svalbard reindeer has been reduced owing to population bottlenecks.
Materials and methods

Study areas, sample collection and DNA extraction
We studied reindeer from two areas, Colesdalen/Reindalen (77 ° 57 ′ N, 15 ° 30 ′ E) and Sassendalen (78 ° 15 ′ N, 17 ° 20 ′ E), in Nordenskjiöldland, Spitsbergen, Svalbard. This region is characterized by wide U-shaped valleys surrounded by several glaciers and steep mountains of 600 − 1000 m above sea level. The minimum distance along valleys connecting the two areas is 40 km (Fig. 1) . Helicopter surveys conducted annually during the summers since 1992 indicate that the reindeer population size in both areas is ≈ 700 (Governor of Svalbard, unpublished data).
Samples of 437 live-caught females were obtained from Colesdalen/Reindalen by annual sampling in mid-April to early May during 1994 − 2000. Samples of culled females (124 from Colesdalen/Reindalen and 182 from Sassendalen) were also obtained by annual sampling mainly in April and October during the same period. Sample sizes of females were thus 561 for Colesdalen/Reindalen and 182 for Sassendalen. Two small samples of male reindeer, 14 from Colesdalen/Reindalen and 24 from Sassendalen, were also analysed. Sample sizes of females were large because they had been designed for parallel studies on the population dynamics of gastrointestinal nematodes and their reindeer hosts (Halvorsen et al . 1999; Irvine et al . 2000) . Ear disks (6 mm diameter) were taken from all animals and frozen at − 20 ° C. Total cellular DNA was extracted from ear tissue using the salt − chloroform method (Müllenbach et al . 1989) , quantified by agarose gel electrophoresis alongside known dilutions of bacteriophage lambda DNA then aliquots were diluted to 20 ng/ µ L.
Microsatellite typing
Genotypes of 14 microsatellites chosen from the 13 RT loci designed for caribou (Wilson et al . 1997 ) and the 17 NVHRT loci designed for reindeer (Røed & Midthjell 1998) were analysed for some or all of the samples. The linkage relationships of the loci are unknown. Nine of the RT loci were typed in 40 females to estimate the level of polymorphism for each locus. Four RT loci ( 1 , 5 , 9 , 30 ) were found to be monomorphic or to have observed heterozygosity values < 0.25 (Table 1) . RT24 was initially categorized as sufficiently polymorphic but was later discarded after yielding observed heterozygosity values < 0.12 (Table 1) . Four RT loci ( 6 , 7 , 10 , 25 ) were found to have observed heterozygosity values > 0.40 (Table 1) and were typed in all individuals for a parallel study of the relationship between candidate fitness components and individual genetic polymorphism (S. Coté, unpublished data). The remaining four RT loci were not typed further: RT13 because the polymerase chain reaction (PCR) product was considered too long for convenient genotyping, RT23 because multiple PCR products were amplified, and RT2 0 (same locus as RT24 ) and RT27 (same locus as RT10 ) because they are duplicates of other loci (G. Wilson, Wilson et al. (1997) . HWE, probability of departure from Hardy-Weinberg equilibrium through heterozygote deficit, NS = not significant; N, number of individuals typed; n a , number of alleles; size (bp), size range of alleles in number of base pairs; H O , observed heterozygosity; P, P-value from genic differentiation test in genepop 3.2, ***P < 0.0001. A significant value indicates that allele frequencies differed between populations. personal communication). Five NVHRT loci ( 01 , 22 , 31 , 34 , 63 ) were typed in all individuals because they had observed heterozygosity values > 0.40 in Svalbard reindeer (K. Røed, unpublished data; Table 1 ). NVHRT21 was typed in 138 females from Colesdalen/Reindalen and 129 from Sassendalen but not fully analysed owing to a high rate of typing failure and a deficit of heterozygotes, both indicative of null alleles ( J. Dallas, unpublished data). Eleven NVHRT loci were not typed because they were monomorphic ( 12 , 16 , 24 , 30 , 66 , 71 ) or had low levels of heterozygosity ( 03 , 46 , 48 , 73 , 76 ) in Svalbard reindeer (K. Røed, unpublished data). Thus, with respect to levels of observed heterozygosity in the study populations, the RT loci analysed were unbiased, whereas the NVHRT loci analysed were upwardly biased.
One or both primers for six of the loci were modified using the program oligo Version 4.1 (National Biosciences, Inc.) and the corresponding GenBank sequences to allow the same annealing temperature to be used across all loci. The consequent changes in allele size and the new primer sequences were: RT6 (+5 bp) upper TGATTCCTCTTACTCA-TTCTTGG, RT6 lower GTCGGATTTTGAGACTGTTACC, RT7 (+4 bp) upper TTGCCCTGTTCTACTCTTCTTCTC, RT10 (+25 bp) lower AGCCACAAAGTTTTGGAGTG, NVHRT01 (+3 bp) F AGCAGTCTTCCCCTTTCTTC, NVHRT01 R AGGATTGCAGAGTTGGACACT, NVHRT34 (+10 bp) F GATAAATATTAGTCTCATGCTAAATACGTAG, NVHRT-34 R TGCCAATGAGGACTTACAGAG, NVHRT63 (+10 bp) F TTCATAAGTGGCAATATTTCATTCT, NVHRT63 R CA-ACACTGTTTACAATAGCCAAGAT. Sequences are given 5′ to 3′. Individual genotypes were determined by radioactive PCR as described previously (Dallas et al. 1999) . Microsatellite alleles were sized with reference to four standard individuals. The typing success rate excluding NVHRT21 was 97%. Files containing the individual genotypes are available at http://www.abdn.ac.uk/∼nhi571/.
Statistical analyses
Tests for departure from Hardy−Weinberg and linkage equilibrium were carried out using exact tests based on a Markov chain algorithm implemented in the program genepop Version 3.2 (Raymond & Rousset 1995) . P-Values from multiple tests were assessed for significance using sequential Bonferroni correction (Rice 1989) . Values of observed and expected heterozygosity for each locus and their multilocus averages were calculated using the program pop100gene (S. Piry & D. Bourget, Institut National de la Recherche Agronomique, http://www.ensam.inra.fr/URLB/). After arcsine square-root transformation, values of expected heterozygosity were tested for significant differences between groups using two-tailed, paired-sample t-tests.
Evidence for Hardy−Weinberg heterozygosity being greater than mutation−drift expected heterozygosity (Cornuet & Luikart 1996) and skew of allele frequencies towards intermediate values (Luikart et al. 1998) were assessed in groups containing at least 30 individuals using the program bottleneck (Piry et al. 1999 ) available at http://www.ensam.inra.fr/URLB/. Mean values over loci of M, the ratio of the number of microsatellite alleles to the range of allele size, measured in repeat number plus one repeat (Garza & Williamson 2001) , were calculated for groups containing at least 20 individuals using the program available at http://www.pfeg.noaa.gov/tib/ carlos.htm.
Genetic differentiation between groups was tested for significant departure from zero by permutation (1000 replicates) of individual genotypes between samples using the program fstat Version 2.9.1 (Goudet 1995) . The livecaught and culled animals from Colesdalen/Reindalen were pooled because no evidence for genetic differentiation between these groups was found (P > 0.05). Wright's F ST was estimated as θ (Weir & Cockerham 1984) using fstat Version 2.9.1. 95% confidence intervals of θ were calculated by bootstrapping (1000 replicates) single-locus values.
Results
Genetic diversity
The spatial scale of random mating in the study populations was unknown. The presence of statistical associations among alleles in the Colesdalen/Reindalen and Sassendalen groups was therefore assessed. No locus showed significant departure from Hardy−Weinberg equilibrium in either group, and only one pair of loci in one population (RT10 and NVHRT22 in Sassendalen) showed significant linkage disequilibrium (P < 0.001).
Levels of genetic polymorphism were estimated in females as number of alleles and expected heterozygosity at 14 microsatellites. The mean number of alleles per locus was 2.36 ± 0.75 (range 1−4) in the Colesdalen/Reindalen group and 2.43 ± 1.09 (range 1−5) in the Sassendalen group. These values were not significantly different (Wilcoxon matched-pair sign-rank test: z = −0.58, P = 0.6; Table 1 ). For the loci typed in all individuals, rare alleles were detected at RT7, NVHRT22 and NVHRT63 (Fig. 2) . Mean observed heterozygosity per locus was 0.37 ± 0.25 (range 0−0.75) in the Colesdalen/Reindalen group and 0.35 ± 0.22 (range 0−0.61) in the Sassendalen group. These values were not significantly different (P = 0.3; Table 1 ).
Values of expected heterozygosity were compared between the Colesdalen/Reindalen group of females and published data for two mainland populations, 20 caribou from British Columbia, Canada (RT loci, Wilson et al. 1997) and 23 reindeer from 2 herds in central Norway (NVHRT loci, Røed & Midthjell 1998) . Only the loci common to both groups in each comparison were analysed. Mean heterozygosity for the nine RT loci was significantly lower in the Colesdalen/Reindalen sample (H E = 0.29 ± 0.23) than in the Canadian caribou (H E = 0.75 ± 0.10; P < 0.005). Mean heterozygosity for the five NVHRT loci was also significantly lower in the Colesdalen/Reindalen sample (H E = 0.53 ± 0.13) than in the Norwegian reindeer (H E = 0.69 ± 0.13; P < 0.05). The lower difference of mean heterozygosity for the five NVHRT loci in comparison with the nine RT loci was probably due to the NVHRT loci analysed being upwardly biased with respect to observed heterozygosity in the study groups (see Methods). In addition, the Svalbard reindeer had consistently fewer alleles at each locus than the Canadian caribou (Wilson et al. 1997) and Norwegian reindeer (Røed & Midthjell 1998) .
Evidence for population bottlenecks
Svalbard reindeer may have undergone a historical population bottleneck during colonization. Genetic evidence for historical bottlenecks can consist of size distributions of microsatellite alleles containing gaps. The incompleteness of such distributions can be quantified as M, the mean ratio over loci of the number of alleles to the allele size range (Garza & Williamson 2001) Records suggest that Svalbard reindeer could have undergone a recent bottleneck during the late 19th and early 20th centuries when population sizes were reduced by hunting (Tyler 1987) . Genetic evidence for recent bottlenecks can consist of an excess of Hardy-Weinberg heterozygosity over mutation−drift expected heterozygosity (Cornuet & Luikart 1996) and allele frequencies skewed towards intermediate values (Luikart et al. 1998) . Significant excess heterozygosity was detected in the Colesdalen/Reindalen group when the set of all polymorphic loci were analysed (one-tailed Wilcoxon test for H excess, infinite allele mutation, P = 0.003; stepwise mutation, P = 0.024) but no skew in allele frequencies was detected. The full set of 12 polymorphic loci was not analysed in the Sassendalen group because fewer than 30 individuals were available for 4 of the loci. When the subset of nine loci having the highest heterozygosity values was analysed, even greater excess heterozygosity was detected in both groups (Wilcoxon tests, P = 0.001 for both mutation models) and skewed allele frequencies were detected in the Colesdalen/Reindalen group. Nonetheless, both sets of loci analysed above contain the five NVHRT loci, which are upwardly biased with respect to heterozygosity in the study groups. When the unbiased set of nine RT loci was analysed in the Colesdalen/Reindalen group, neither excess heterozygosity (Wilcoxon test, P > 0.05 for both mutation models) nor skewed allele frequencies were detected. Thus, these analyses yielded no evidence that a recent population bottleneck had influenced the genetic composition of the Colesdalen/Reindalen and Sassendalen groups when a set of loci unbiased with respect to observed heterozygosity was analysed.
Genetic subdivision between populations
Allele frequencies at several loci differed between the Colesdalen/Reindalen and Sassendalen groups of females (Fig. 2) . Genetic subdivision between these groups was quantified for the nine loci at which all individuals were typed (Table 1) . Subdivision was significant (permutation tests, P < 0.001) at each of seven loci but not at RT7 and NVHRT34 (Table 1) . Genetic subdivision between the groups was also evident from the estimate of F ST being significantly > 0 (θ = 0.034, 95% CI = 0.011−0.063). Analysis of genetic differentiation between small groups of males from Colesdalen/Reindalen (N = 14) and Sassendalen (N = 24) confirmed these results. Allele frequencies differed between the samples (permutation test for all loci combined, P < 0.0001) and the estimate of F ST was significantly greater than 0 (θ = 0.069, 95% CI = 0.028−0.122).
Discussion
This study showed that two populations of Svalbard reindeer contained much lower levels of microsatellite polymorphism than two mainland populations of caribou and reindeer, and that the Svalbard populations differed in genetic composition despite being < 50 km apart. No strong evidence that either feature was due to historical or recent population bottlenecks was found.
Genetic diversity
Because our results were based on 14 randomly isolated microsatellites, the reduction in genetic diversity in Svalbard reindeer in comparison with mainland populations of caribou and reindeer appeared to be genome wide. These results confirm the general observation that levels of genetic polymorphism tend to be lower in island populations than in mainland populations (Frankham 1997) and probably arise from genetic drift.
Levels of microsatellite polymorphism were probably overestimated in our study, the group of five NVHRT loci being upwardly biased with respect to observed heterozygosity in the study populations, so the observed reduction in levels of polymorphism was probably underestimated. Whether all 14 loci or the unbiased set of 9 RT loci are considered, levels of microsatellite heterozygosity in Svalbard reindeer were similar to or slightly higher than values published for Canadian moose populations, some of which had stemmed from founder events (0.22−0.41; Broders et al. 1999) , North American wapiti (0.26−0.54; Polziehn et al. 2000) and sika deer from Japan and the UK (0.13−0.60; Goodman et al. 2001 ), but were lower than levels in roe deer from France and Germany (0.50−1.0; Fickel & Reinsch 2000) .
Detection of population bottlenecks
In this study, evidence for recent population bottlenecks was found only when the nine loci having the highest levels of heterozygosity were included in the analysis. In populations in which numbers of alleles at all loci are low, loci having high levels of heterozygosity will necessarily be those with intermediate allele frequencies and thus will be more likely to yield bottleneck signals. Our analysis supported this argument. To avoid detecting such false signals, datasets clearly must include all polymorphic loci.
The lack of genetic evidence for a recent population bottleneck is perhaps surprising given historical reports that Svalbard reindeer in Nordenskjiöldland were increasingly rare by 1910 and had almost disappeared by 1925, the year they became protected (Tyler 1987 and references therein). Alternatively, the bottleneck size might have been insufficient to yield a signal of excess heterozygosity (a population size reduction of less than 10-fold; Cornuet & Luikart 1996) or skewed allele frequencies (a bottleneck of more than 20 individuals; Luikart et al. 1998) . Finally, a postbottleneck influx of novel alleles from genetically differentiated reindeer populations might have obscured any signal of excess heterozygosity (Cornuet & Luikart 1996; Pope et al. 2000) .
Genetic differentiation of adjacent populations
To find that the Colesdalen/Reindalen and Sassendalen groups were genetically subdivided was unexpected given that barriers to movements between these valleys are absent and that the intervening distance is well within the dispersal capacity of Svalbard reindeer (Tyler & Øritsland 1989) . Such subdivision could be a transient feature caused by the population declines that occurred in Nordenskjiöldland ≈ 100 years ago. Although the lack of evidence for recent population bottlenecks provided no support for this view, population declines can create genetic subdivision (Chakraborty & Nei 1977) without, as discussed above, necessarily creating bottleneck signatures. Even in this scenario, however, for subdivision created by population declines to be evident ≈ 100 years, or 35 generations, later implies that gene flow between the study populations must be limited.
Alternatively, the genetic subdivision detected in this study could be a stable feature due either to strong reproductive skew in males or to limited dispersal or a combination of these factors. Strong reproductive skew in males seems unlikely, however, because even dominant male reindeer cannot secure all mating opportunities, particularly late during the rut (Clutton-Brock 1988; Hirotani 1994) . One possible mechanism for limited dispersal is female philopatry. Female Svalbard reindeer tend to be sedentary (Tyler & Øritsland 1989) , so the home ranges of daughters could adjoin those of their mothers. Female philopatry could explain the level of genetic subdivision observed in our study even if some males undergo breeding dispersal (Chesser 1991; Tiedemann et al. 2000) . Studies based on allozyme polymorphism indicate that genetic subdivision over short geographical distances can occur in highly mobile cervids such as moose (Ryman et al. 1980; Chesser et al. 1981) and white-tailed deer, possibly owing to female philopatry in the latter case (Mathews & Porter 1993) . At the scale of the island, another possible factor is that unsuitable habitat such as glaciers and high mountain peaks could isolate local populations (Chesser 1991; Galbusera et al. 2000) .
This study implies that Svalbard reindeer conform more to the paradigm of island populations made genetically depauperate by genetic drift (Frankham 1997) than to the paradigm of island populations in which some form of selection maintains genetic diversity (Pemberton et al. 1996; Paterson et al. 1998; Coltman et al. 1999) .
